A general Landauer-Büttiker-type current formula is derived, which can be applied to the ferromagnet (F)/Normal metal (N)/superconductor (S),
I. INTRODUCTION
Electronic transport in mesoscopic systems or nanoscopic structures has received extensive and intensive theoretical and experimental attention [1] . In mesoscopic systems the sample size is smaller than the phase coherent length, electrons retain their phase when travelling through the sample. In the ballistic limit, i.e., when the dimensions of the sample is smaller than the mean free path, electrons can traverse the system without any scattering. In contrast to macroscopic systems, the conductance of mesoscopic systems is sample-specific, since electron wavefunctions are strongly dependent on the form of the boundary of the sample and the configuration of scatterers located within the sample. To calculate the conductance of mesoscopic samples, one should at first consider the wave nature of electrons.
The Boltzmann transport equation [2] is obviously inappropriate, since the pressumption that electrons can be viewed as classical particles does not hold at a mesoscopic scale due to the Heinsenberg uncertainty limitation. Linear response theory [3] is not efficient in actual calculations of the conductance of mesoscopic samples, because one needs to average the current correlation function over all the scatterers to obtain the conductivity within this theory. In fact, electronic transport in solids is equivalent to the wave transmission of electrons through a generalized potential barrier, which can be associated with a scattering matrix. In measuring the conductance of a sample, one always connects the sample to some contacts through perfect leads [4] . In a two-terminal setup (L=left, R=right), the Landauer-Büttiker formula [5] states that the current I can be expressed as a convolution of the transmission probability T and the Fermi distribution function f α (α = L, R), i.e., I = )dǫ. Such a formulation seems more appealing since the transport properties are encoded in the corresponding transmission probability, which can be calculated by various methods.
Due to the recent development in nanofabrication and material growth technologies, several kinds of mesoscopic hybrid structures have been realized experimentally.
These nanoscale structures include normal-metal/superconductor nanostructures (N/S) [6] , superconductor-insulator/superconductor junctions (S/I/S) [8] , superconductor/quantumdot/superconductor transistors (S/QD/S) [9] , normal metal/superconducting quantumdot/normal metal transistors (N/SQD/N) [10] , ferromagnet/superconductor (F/S) contact [11] , superconductor/ferromagnet/superconductor sandwich structure (S/F/S) [12] and normal-metal/ferromagnetic-quantum-dot/normal metal (N/FQD/N) transistors [13] . In the presence of a superconductor component, Andreev reflection [14] dominates the transport process in the low bias case. The imbalance between the spin-up and spin-down density of states at the Fermi level for ferromagnetic materials introduces the spin-dependent transport [15] . The conductance of a F/S junction is predicted to be smaller or larger than the N/S case, depending on the ratio between the spin-up and spin-down density of states [16] .
The nonequilibrium Green's function (NEGF) approach [17] has proven to be a powerful technique to investigate the transport problem in mesoscopic systems. Using the NEGF method, Meir and Wingreen [18] have derived a Landauer-Büttiker-type formula for transport through an interacting normal metal attached to two normal leads. Later, some groups have applied the NEGF method to the N/NQD/S [19] and S/NQD/S [20] cases. In this paper, we extend the NEGF theory to a mesoscopic hybrid F/N/S structure, obtaining a Landauer-Büttiker-type current formula, which allows us to investigate the spin-dependent current and Andreev reflecting current in a unified way.
II. FORMULATION OF THE PROBLEM AND CURRENT FORMULAS
We consider electron tunneling through a ferromagnet/normal metal(semiconductor)/superconductor hybrid structure. Under the mean-field approximation, the ferromagnet is characterized by a molecular magnetic moment M, making at an angle θ with the F/N interface [21] , while the BCS Hamiltonian is adopted for the superconductor, with an order parameter ∆ describing its energy gap [22] .
In the central region which contains a a normal metal, we take into consideration various kinds of couplings, such as the electron-electron interaction, electron-phonon interaction, etc. Then the hamiltonian can be written as
in which 
knT L † kn;iiĜ < kn;ii (t, t).
Here we have expressed various kinds of Green's functions in a generalized Nambu representation, spanned in the spin-dependent particle-hole space, in which the spin effect and
Andreev reflection are considered on the same footing and treated in a unified way. The
Green's functions in the generalized Nambu space are of the form
in which the four component of the spin-dependent particle-hole vector reads
The tunneling matrix takes the form in the generalized Nambu spacê
With the help of Dyson's equation,Ĝ < kn can be decoupled into the product of the unperturbed Green's functionĝ kk of the ferromagnet and the Green's functionĜ mn of the central normal metal regime in the presence of elastic coupling to the outside world
For convenience we introduce the linewidth matrices in the generalized Nambu representation
where (see Appendix)
with
In the above equations, ρ L↑ and ρ L↓ are the spin-up and spin-down density of states in the ferromagnetic region, respectively, ρ N S is the normal density of states when the superconductor order parameter ∆ = 0, while ρ S is the dimensionless BCS density of states of the superconductor.
Substituting Eq. (11) into (6), we get the following compact form for the current
In deriving Eq. (25), we have used the fluctuation-dissipation theoremĝ
wheref is the Fermi distribution function matrix in the generalized Nambu representation,
given by With the help of the Keldysh's equation
and the equalityĜ
Eq. (25) is at last simplified into the following Landauer-Büttiker-type current formula for the F/N/S mesoscopic hybrid structure (for steady transport,Ĵ =Ĵ L = −Ĵ R )
From Dyson's equation,Ĝ r/a =ĝ r/a +ĝ r/aΣr/aĜr/a , one has forĜ r/a cc the expression
where adj(X) denotes the adjoint of X. Note thatĜ 
2 ).
Then the current tunneling through the F/N/S structure is 
The physical implications of Equations (39) and (40) are apparent. J N C is directly proportional to the spin-dependent tunneling matrix Γ σ due to the coupling between the central region and the ferromagnet, and Γ R as well as ρ S for the superconductor. The Andreev current is proportional to the spin-up and spin-down tunneling matrix Γ L↑ and Γ L↓ , which means that an up(down)-spin electron(hole) incident from the ferromagnet will be reflected in the interface of N/S and re-enter the ferromagnet as a down(up)-spin hole(electron). In contrast to the N/N/S structure (below), the Andreev current is strongly dependent on the polarization of the ferromagnet P = ρ L↑ −ρ L↓ ρ L↑ +ρ L↓ via the factor Γ L↑ Γ L↓ . When the ferromagnet is fully polarized, i.e., P = 1 or P = −1, the Andreev current will be zero since no state is available for the reflected particle with reverse spin.
B. current through a N/N/S structure
When the molecule magnetic moment M is set to zero, the ferromagnet becomes a normal metal structure. The spin-up and spin-down density of states ρ L↑ and ρ L↓ will be the same.
ThenΓ L↑ =Γ L↓ =Γ L , andĜ 
which is the same as the results for the N/NQD/S hybrid sructure derived by Sun and co-workers [19] and has been studied in detail.
C. current through a F/N/N structure When the order parameter ∆ = 0, the superconductor can be viewed as a normal metal.
In this case, one can observe that ρ S = 1 and all the non-diagonal elements of the full Green's functionĜ r/a cc of the central region are zero. Then the Andreev tunneling current J A = 0, and J N C is simplified as
Since, for normal metal, one can write Γ R = (Γ R↑ + Γ R↓ )/2, then one gets the following expression for the current
The physical meaning of Eq. (44) 
One sees from Eq. (45) that the transmission probability T ∝
is of the Breit-Wigner form.
IV. CONCLUDING REMARKS
We have given a general Landauer-Büttiker current formula, which can be applied to 
one has
Defining the following retarded(advanced) Green's function
one finally gets for the ferromagnetic lead the retarded (advanced) Green's functions
a↑;e (t − t ′ ) + sin 2 θ 2 g r/a
a↓;e (t − t ′ ),
a↑;e (t − t
a↓;e (t − t ′ )),
The sum over k can be transformed into an integral, i.e., k → dǫρ Lσ . Then one arrives
The matrix productL † knĝ
.
The procedure to get the retarded(advanced) Green's functions for the superconductor lead is similar. After the following Bogoliubov-Valatin transformation
the superconductor hamiltonian H S is diagonalized in the following form
Using the notation
one can express the retarded (advanced) Green's function matrix for the superconductor lead asĝ r/a
whereĝ r/a ss;
b↑;e (t − t
b↓;e (t − t 
Hence the retarded(advanced) self-energy matrixΣ r/a R (ω) Eq. (15) is similarly obtained from the direct matrix productR † pnĝ r/a ss (t − t ′ )R pm after Fourier transformation dωe iωt F (t).
